We report the effect of the concentration of hydroxide ion adsorbed (OH ad ) on indium tin oxide ͑ITO͒ in the electrodeposition of zinc oxide ͑ZnO͒ by potential modulation method. We found that by applying an optimal constant potential of Ϫ0.72 V, X-ray diffraction ͑XRD͒ peak intensity of crystalline phase indicating ZnO ͑100͒ and ZnO ͑101͒ deposited in oxygen containing solution was significantly higher than that of ZnO formed in oxygen free solution. ZnO was islanding on ITO substrate in an oxygen free solution, while uniform ZnO underwent bulk deposition with higher growth rate due to higher concentration of OH ad resulted from dissolved oxygen. Thus, morphological images were in good agreement with the crystal structural analysis. In pulsed potential method, several ZnO peaks in ex situ XRD analysis were obtained on ITO substrate as optimal cathodic potential of Ϫ0.72 V for 5 s was superimposed on off-time of 5 s at open-circuit potential in each cycle. When relatively shorter cathodic time of 1 s was applied, however, we did not obtain any XRD peak of ZnO, because it might be due to the lack of the critical concentration of OH ad to form ZnO on the surface. 8 and ZnO 9-15 has the following advantages over conventional methods; ͑i͒ thickness and morphology of films can be precisely controlled by adjusting electrochemical parameters such as current or potential, ͑ii͒ relatively uniform and compact thin films can be synthesized either on substrates of complex shapes or in column shaped material, ͑iii͒ higher deposition rates can be easily obtained over conventional processing, and ͑iv͒ the equipment required is inexpensive owing to the nonrequirement of either high vacuum or high reaction temperature.
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Zinc oxide ͑ZnO͒ is an n-type semiconductor with a bandgap of 3.2 eV and shows transparent and conductive properties. 16 ZnO is a promising material for an application to ultraviolet-emitting diodes, piezoelectric devices, sensors, and solar cells. [17] [18] [19] [20] Several possible parameters for affecting ZnO growth have been reported. Izaki et al. [9] [10] [11] [12] studied the effect of cathodic current density and the concentration on the ZnO film structure and suggested that the pH increase due to reduction of nitrate ion caused the precipitation of zinc hydroxide and, following a dehydration reaction, formed ZnO. Recently, Gu et al. 13, 14 demonstrated that the growth rate of ZnO film was affected by different substrate materials. In our previous work, 15 we investigated the reaction mechanism of ZnO on indium tin oxide ͑ITO͒ substrate using an in situ electrochemical quartz crystal microbalance and distinct current behavior showing conducting characteristic of ZnO was measured in constant potential mode.
In this paper, we present the effect of hydroxide concentration on ITO substrate in the electrodeposition of ZnO under potential modulation mode, which is an attractive tool for the modification and preparation of metal oxide films by electrochemical method. 5, 21, 22 The effect of dissolved oxygen in the formation of ZnO is studied in oxygen saturated zinc nitrate solution and compared to ZnO formation in nitrogen saturated solution.
Experimental
ZnO was electrochemically deposited on ITO substrate. The geometric area of the electrode during the electrodeposition was 0.196 cm 2 . Prior to the electrodeposition, a ITO cathode ͑Seiko Instruments Inc.͒ was thermally treated at 500°C to reduce resistance and was subjected to acetone cleaning in an ultrasonic bath and then rinsed in ultrapure water. The counter electrode was a Zn plate to establish the same concentration of Zn 2ϩ in the bulk solution and a saturated calomel electrode ͑SCE͒ was employed as the reference electrode. 0.1 M Zn͑NO 3 ͒ 2 ͑Aldrich, 99.99%͒ solution was prepared with ultrapure water ͑Millipore, 18.2 M ⍀ cm͒ and had a low initial pH of 5.2. All experiments were performed at a solution temperature of 60°C. Nitrogen 5 N and oxygen 5 N were bubbled extensively through the electrolyte for 0.5 h before each electrodeposition to study the effect of the reduction of dissolved oxygen. The electrodeposition of ZnO was executed by the potential modulation method. Constant potential method and pulsed potential method were performed with a potentiostat-galvanostat ͑EG&G, PAR 273A͒. The morphology and the crystal structure of the film were observed with a scanning electron microscope ͑SEM, Hitachi S-4200͒ and an X-ray diffractometer ͑XRD, Philips DY616͒. Figure 1 shows the current densities when constant cathodic potential of Ϫ0.72 V was applied to the oxygen-containing and oxygen-free solutions. Current density of Ϫ0.175 mA/cm 2 was obtained in the nitrogen saturated solution, while about two times higher current density of Ϫ0.35 mA/cm 2 was observed in dissolved oxygen. This difference is due to Reaction 2.
Results and Discussion
As reported in our previous work, 15 the electrodeposition mechanism of ZnO studied by in situ electrochemical quartz crystal microbalance measurement is as follows. Hydroxide ions produced by reduction of nitrate ion and dissolved oxygen, as shown in Reactions 1 and 2, increase local pH on the ITO substrate. This pH increase causes the formation of zinc hydroxide, Zn͑OH͒ ϩ by Reaction 3. Then, hexagonal shaped ZnO island is formed on the ITO substrate during the water formation ͑Reaction 4͒.
where * is a vacant site on the substrate and subscript ad indicates the adsorption of species. According to the above reactions and the difference of current densities shown in Fig. 1 , one can assume that the reduction of dissolved oxygen results in the higher adsorption rate of hydroxide ion on ITO and gives rise to the faster deposition rate of ZnO. Thus, we applied an optimal cathodic potential of Ϫ0.72 V to both oxygen containing electrolyte and oxygen free solution to investigate the role of hydroxide ion from dissolved oxygen in detail. Ex situ SEM and XRD were used to analyze the structure and morphology of the ZnO onto ITO substrate.
Results of SEM images of ZnO on ITO are shown in Fig. 1 . Electrodeposition of ZnO is carried out at Ϫ0.72 V for 33 min. Figure 2a and b show the morphology of deposited material on ITO in oxygen containing solution and oxygen free solution, respectively. Figure 2a shows uniform ZnO, covering ITO substrate completely. ZnO film is compact with hexagonal shaped crystal. On the other hand, distinct hexagonal shaped ZnO is islanding on ITO in zinc nitrate solution without dissolved oxygen, as shown in Fig. 2b . Single crystal size of ZnO is 200 nm. Summarizing Fig. 1 and 2 , one can clearly see that higher density of ZnO is formed in an oxygen dissolved solution. This result indicates that higher pH condition is achieved by the adsorption of hydroxide ion from the reduction of oxygen and it results in the increase of the deposition rate of ZnO. Figure 3a and b show the XRD data of the deposited material on the ITO in zinc nitrate solution with dissolved oxygen and without dissolved oxygen, respectively. In the case of oxygen saturated solution, several different phases are formed and these phases are assigned as ZnO. Though several phases of ZnO are observed, especially two phases at ZnO ͑100͒ at 31.769°and ZnO ͑101͒ at 36.252°a re dominant on the ITO substrate. However, Fig. 3b shows the structure of ZnO prepared in nitrogen saturated solution. Unlike ZnO formed in oxygen saturated solution, relatively weaker intensities of ZnO are obtained. These different morphological and structural observations are due to the fact that, in nitrogen saturated solution, insufficient surface pH hinders the formation of intermediate species of Zn͑OH͒ ϩ . This results in the limitation of nucleation site of ZnO and the decrease of the deposition rate of ZnO.
For better understanding of the different structural and morphological observations depending on the surface concentration of OH Ϫ , pulse potential experiments were performed. The structure of deposited material was analyzed by ex situ XRD after applying two different pulsed potential conditions. Figure 4a shows the sketch of pulsed potential waveform with the superimposition of open-circuit potential ͑OCP, E off ͒. According to our previous work, 15 E d is optimal cathodic potential of Ϫ0.72 V for the formation of ZnO. E off is OCP of ϩ0.3 V, in which current is almost zero. Off time (t off ) is fixed at 5 s in all pulsed potential experiments, while cathodic deposition time (t d ) is changed. After E d is first applied, potential is returned to E off in each cycle.
In Fig. 4b , we observed no ZnO crystals even though optimal cathodic potential ͑Ϫ0.72 V͒ for 1 s (t d ) was superimposed on E off , i.e., on-time/off-time ratio ͑1 s/5 s͒ is 0.2. In contrast, distinct ZnO crystal phases ͑see the concentration of hydroxide ions generated from nitrate ion and dissolved oxygen is limited and part of them may be diffused into the bulk solution during the following off-time of 5 s. Therefore, ITO surface does not make proper pH needed for the precipitation of reaction intermediate species of Zn͑OH͒ ϩ . However, during the longer cathodic time of 5 s (t d ), surface concentration of hydroxide ion is higher than that produced for cathodic deposition time of 1 s in single cycle. Although the OH Ϫ diffuses into the bulk electrolyte during the OCP off-time (t off ), surface pH continuously becomes higher as the number of pulse increases. When the surface pH reaches a critical value, ZnO particles begin to be formed.
Conclusions
ZnO was prepared on ITO cathode by potential modulation technique. Considering ex situ SEM and XRD measurements of ZnO deposited in oxygen free and O 2 saturated electrolyte by applying the constant potential, we found that the surface pH of ITO electrode could be raised due to the adsorption of hydroxide ion reduced from dissolved oxygen. In constant potential mode, the faster growth rate and the higher density of ZnO in O 2 saturated solution compared to those in O 2 free solution were clearly observed by both ex situ surface and crystal analyses. Structural analysis of ZnO prepared by pulsed potential method concluded that the adsorption of hydroxide ion played an important role in a critical pH attainment for the nucleation of ZnO. 
